r Nitro-oleic acid (OA-NO 2 ) and related nitroalkenes are electrophilic fatty acid derivatives that function as metabolic and anti-inflammatory signalling mediators and contribute to resolution of inflammation.
r OA-NO 2 is known to activate transient receptor potential (TRP) A1 and V1 channels in rat and mouse primary sensory neurons.
r However, in guinea-pig dorsal root ganglion neurons OA-NO 2 activated TRPC channels and elicited a transient excitatory effect followed by a long-lasting inhibitory effect.
r Our data challenge the prevailing view that electrophilic compounds act specifically on TRPA1 and suggest that OA-NO 2 can exert a modulatory effect on sensory mechanisms via activation of TRPC channels.
Abstract Effects of nitro-oleic acid (OA-NO 2 ) on TRP channels were examined in guinea-pig dissociated dorsal root ganglia (DRG) neurons using calcium imaging and patch clamp techniques. OA-NO 2 increased intracellular Ca 2+ in 60-80% DRG neurons. 1-Oleoyl-2acetyl-sn-glycerol (OAG), a TRPC agonist, elicited responses in 36% of OA-NO 2 -sensitive neurons while capsaicin (TRPV1 agonist) or allyl-isothiocyanate (AITC, TRPA1 agonist) elicited responses in only 16% and 10%, respectively, of these neurons. A TRPV1 antagonist (diarylpiperazine, 5 μM) in combination with a TRPA1 antagonist (HC-030031, 30 μM) did not change the amplitude of the Ca 2+ transients or percentage of neurons responding to OA-NO 2 ; however, a reducing agent DTT (50 mM) or La 3+ (50 μM) completely abolished OA-NO 2 responses. OA-NO 2 also induced a transient inward current associated with a membrane depolarization followed by a prolonged outward current and hyperpolarization in 80% of neurons. The reversal potentials of inward and outward currents were approximately −20 mV and −60 mV, respectively. Inward current was reduced when extracellular Na + was absent, but unchanged by niflumic acid (100 μM), a Cl − channel blocker. Outward current was abolished in the absence of extracellular Ca 2+ or a combination of two Ca 2+ -activated K + channel blockers (iberiotoxin, 100 nM and apamin, 1 μM). BTP2 (1 or 10 μM), a broad spectrum TRPC antagonist, or La 3+ (50 μM) completely abolished OA-NO 2 currents. RT-PCR performed on mRNA extracted from DRGs revealed the expression of all seven subtypes of TRPC channels. These results support the hypothesis that OA-NO 2 activates TRPC channels other than the TRPV1 and TRPA1 channels already known to be targets in rat and mouse sensory neurons and challenge the prevailing view that electrophilic compounds act
Introduction
Nitro-oleic acid (OA-NO 2 ) and related fatty acid nitroalkene derivatives are electrophilic products formed endogenously by nitric oxide-(NO) or nitrite-mediated redox reactions. These substances are present in normal tissues and body fluids (Baker et al. 2005; Bonacci et al. 2012) , and their concentrations increase during metabolic and inflammatory stress (Ferreira et al. 2009; Nadtochiy et al. 2009; Rudolph et al. 2010) . Tissue concentrations ranging from 10 to 600 nM, have been reported, but the concentrations necessary to elicit physiological effects remain to be well defined as these reactive species rapidly form protein and glutathione adducts, become esterified into complex lipids and undergo both β-oxidation and reduction reactions (Delmastro-Greenwood et al. 2014) .
Exogenous OA-NO 2 administered at (1-10 μM) concentrations (in vitro) or 5-10 mg kg −1 day −1 (in vivo) induces a variety of pharmacological responses including:
(1) activation of peroxisome proliferator-activated receptor γ (PPARγ), (2) activation of the Keap1-Nrf2 pathway (Villacorta et al. 2007) , (3) upregulation of haem oxygenase 1 (HO-1) expression (Wright et al. 2006) , (4) inhibition of NF-κB-dependent gene expression (Cui et al. 2006; Villacorta et al. 2013) , (5) inhibition of platelet or neutrophil function and (6) inhibition of pro-inflammatory cytokine secretion by macrophages (Coles et al. 2002a,b) . These effects suggest that OA-NO 2 may function as an endogenous anti-inflammatory mediator and contribute to resolution of inflammation . On the other hand, the large discrepancy between the reported levels of endogenous nitro fatty acids and the concentrations necessary to elicit pharmacological effects has raised questions about their presumed physiological functions (Tsikas et al. 2011) . It should be recognized, however, that lipid nitroalkenes do not obey typical saturation kinetics, because of their electrophilic nature (Rudolph & Freeman, 2009; Salvatore et al. 2013; Delmastro-Greenwood et al. 2014 ). This characteristic is also central to the signalling actions of these species, because they induce post-translational modification of susceptible target proteins via Michael addition with nucleophilic amino acids in proteins. This chemical reactivity also means that exposure to very low concentrations over extended periods can lead to an accumulation of electrophilic lipid adducts with their biological targets. This perspective is important when translating in vitro studies to in vivo conditions, where a transcription factor can be exposed to nanomolar concentrations of an electrophile for hours or days, leading to an accumulation of protein adducts (Oh et al. 2008; Delmastro-Greenwood et al. 2014) . Clearly the physiological functions of OA-NO 2 and other lipid electrophiles require further investigation.
In addition to delayed actions, OA-NO 2 also acutely activates transient receptor potential (TRP) channels in primary sensory neurons (Taylor-Clark et al. 2009; Sculptoreanu et al. 2010; Artim et al. 2011) . TRP channels are a superfamily of non-selective cation channels, including TRPAs, TRPCs, TRPMs and TRPVs (Clapham et al. 2005; Vay et al. 2012 ) that are widely expressed in primary sensory neurons and are responsible for detecting changes in temperature, pH, osmotic pressure as well as chemical and mechanical stimuli (Clapham, 2003) . The types of TRP channels targeted by OA-NO 2 can vary between species and in different types of neurons. TRPA1 channels are the major target for OA-NO 2 in mouse nodose and trigeminal ganglion neurons (Taylor-Clark et al. 2009 ); while TRPA1, TRPV1 and unidentified channels are targets in rat lumbosacral dorsal root ganglia (DRG; Sculptoreanu et al. 2010) .
In the present study we obtained evidence using Ca 2+ imaging and whole cell patch clamp techniques that the primary target for OA-NO 2 in dissociated lumbosacral DRG of guinea-pigs is not TRPA1 or TRPV1 but rather a type of TRPC channel. TRPC channels are divided into four groups based on their structural similarity: (1) TRPC1, (2) TRPC2, (3) TRPC4 and 5, (4) TRPC3, 6 and 7. Various subtypes of TRPC channels are expressed in rat and mouse primary sensory neurons (Elg et al. 2007; Kress et al. 2008; Wu et al. 2008; Alessandri-Haber et al. 2009; Qu et al. 2012; Quick et al. 2012) and are activated by phospholipase C-coupled metabotropic receptors. TRPC3, 6 and 7 are directly activated by the diacylglycerol (DAG) analogue 1-oleoyl-2acetyl-sn-glycerol (OAG) and blocked by micromolar concentrations of La 3+ (Venkatachalam et al. 2003) , while responses of TRPC4 and 5 are enhanced by micromolar concentrations of La 3+ or Gs 3+ (Plant & Schaefer, 2003; Clapham et al. 2005) . TRPC channel proteins have ankyrin repeats in the N-terminal region rich in cysteine residues (Vazquez et al. 2004) , that are identified as the principal molecular targets of lipid electrophiles such as OA-NO 2 (Freeman et al. 2008) .
We discovered that TRPA1 or TRPV1 channels are expressed in a much smaller percentage (5-20%) of guinea-pig lumbosacral DRG neurons than the percentage in rat DRG neurons; while the percentage of neurons responsive to OA-NO 2 was much higher in guinea-pig (60-80%) than in the rat (20-30%). The resistance of OA-NO 2 responses in the guinea-pig to TRPA1 and TRPV1 antagonists coupled with the suppression of these responses by agents that block TRPC channels indicate a role for TRPC in the actions of OA-NO 2 . These data challenge the prevailing view that electrophilic compounds act specifically on TRPA1 or TRPV1 channels in primary sensory neurons.
Methods

Ethical approval
All experimental protocols were approved by the University of Pittsburgh Institutional Animal Care and Use Committee (Protocol approval no. IACUC 1201539) and were consistent with the guidelines of the National Institutes of Health and the International Association for the Study of Pain.
Animals
Experiments were performed on adult female or male guinea-pigs (300-450 g, Harlan, Indianapolis, IN, USA), male Sprague-Dawley rats (200-300 g, Harlan) and male C57BL/6J mice (25-30 g).
DRG neuron culture
After a laminectomy under isoflurane anaesthesia (inhalation; 4% in O 2 ) L3-S1 DRGs were removed bilaterally, enzymatically treated with collagenase type 4 (2 mg ml −1 ) and trypsin, (1 mg ml −1 ; Worthington Biochemical, Lakewood, NJ, USA) and mechanically dissociated as described elsewhere (Zhang et al. 2011) . The animals were then killed using CO 2. asphyxiation followed by decapitation. Culture media was composed of Neurobasal-A including 0.1% B27 Supplement (50×), serum free (Invitrogen, Grand Island, NY, USA) and 1% penicillin-streptomycin-neomycin solution (Sigma, St Louis, MO, USA). Growth factors were not added. The cells were plated on poly-L-lysine-coated glass coverslips (Sigma) and incubated at 37°C in 5% CO 2 and 90% humidity for at least 3-4 h to allow recovery from the dissociation procedure before Ca 2+ imaging or patch clamp recording. The same protocol was used for mouse and rat DRG (L3-S1) neuron cultures. (Zhang et al. 2011) . Briefly, coverslips were placed on an epifluorescence microscope (Olympus IX70) and continuously perfused (2-3 ml min −1 ) with HBSS. Fura 2 was excited with ultraviolet light alternately at 340 and 380 nm; and the fluorescence emission was detected at 510 nm using a computer-controlled monochromator. Image pairs were acquired every 1-30 s using illumination periods between 20 and 50 ms. Wavelength selection, timing of excitation, and the acquisition of images were controlled using program C-Imaging (Compix, Cranberry Township, PA, USA) running on a personal computer. Digital images were stored on hard disk for off-line analysis. One coverslip usually contained 20-40 DRG neurons/microscopic field at ×10 magnification. Chemicals were delivered via bath application using a gravity-driven system (infusion rate was 2-3 ml min −1 ).
Patch clamp recording
Voltage and current clamp recordings were performed using an Axopatch 200B (Molecular Devices, Sunnyvale, CA, USA) controlled with pClamp software (version 10.2) via a Digidata 1320A A/D converter. Data were low-pass filtered at 5-10 kHz with a four-pole Bessel filter and digitally sampled at 25-100 Hz. HBSS was used as bath solution in all patch clamp experiments. Electrode solution contained (in mM): 110 potassium methansulfonate, 30 KCl, 5 NaCl, 0.1 CaCl 2 , 2 MgCl 2 , 11 EGTA, 10 Hepes, 2 Mg-ATP, and 1 Li-GTP; pH was adjusted to 7.2 with Tris-base, and osmolarity was adjusted to 310 mosmol l −1 with sucrose. All salts were obtained from Sigma. After formation of a tight seal (>3 G ) and compensation of pipette capacitance with amplifier circuitry, whole cell access was established, and a −60 mV holding potential was applied. OA-NO 2 was applied with a piezo-driven perfusion system (Warner Instruments, Hamden CT, USA). OA-NO 2 evoked current was recorded with voltage clamp configuration. To determine the reversal potential of these currents, a voltage ramp from −100 mV to −10 mV with a slope of 120 mV s −1 was applied every 3 s before and during OA-NO 2 application, and the membrane current was recorded. OA-NO 2 evoked J Physiol 592.19 membrane potential changes were recorded using current clamp configuration. To assess excitability either a 500 ms step depolarizing current or a ramp depolarizing current injection was used to evoke action potentials.
RT-PCR
Dorsal root ganglia from L6-S2 spinal levels were removed from two adult guinea-pigs via a laminectomy, washed thoroughly with Krebs solution and placed in Trizol (Life Technologies, Grand Island, NY, USA). Following homogenization with a Tissue Tearor rotor-stator homogenizer, total RNA was extracted according to the manufacturer's published instructions for Trizol. RNA purity and concentration were determined using UV spectrophotometry. cDNA was created using the High Capacity cDNA Reverse Transcriptase Kit (Life Technologies) and a PTC-100 Thermal Cycler (MJ Research, now Bio-Rad, Inc., Hercules, CA, USA). PCR products for the TRPC channels were then amplified from the cDNA using the HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, CA, USA) using subtype specific primers. Primers for all TRPC isoforms, except TRPC2 were designed in-house using the publicly available RNA sequences from NCBI and Primer3 online software (http://biotools.umassmed.edu/bioapps/primer3_www .cgi). As there is no entry for guinea-pig TRPC2 in NCBI, primers for that isoform were taken from a previously published manuscript (Ong et al. 2003) . The primers used (with NCBI accession numbers) are as follows: TRPC1 (XM 005006721.1) F: CCTCATGCAGTAGGCTGTGA, R: TCCACCTCCACAAGGCTTAG; TRPC2 (Ong et al. 2003) . Products were visualized and recorded using a ChemiDoc XRS+ System with Image Lab Software (Bio-Rad). The photograph of the agarose gel was edited by cropping and increasing the contrast for better visualization of bands.
Drugs
Chemicals used in this study include: nitro-oleic acid (OA-NO 2 ); oleic acid (OA, the native fatty acid precursor to OA-NO 2 ); SNAP (an NO donor); carboxy-2-phenyl-4,4,5,5-tetramethylimidazolineoxyl-1-oxyl-3-oxide (cPTIO, an NO scavenger); capsaicin (a selective TRPV1 channel agonist); diarylpiperazine analogue (DP, a selective TRPV1 channel antagonist; Srinivasan et al. 2008; Sculptoreanu et al. 2010) ; allyl isothiocyanate (AITC, a TRPA1 channel agonist); HC3-03001 (HC3, a selective TRPA1 channel antagonist, Hydra Biosciences, Inc., Cambridge, MA, USA); 1-oleoyl-2acetyl-sn-glycerol (OAG, a TRPC3,6,7 agonist); SKF-96365 (a non-selective TRPC channel antagonist); BTP2 (a general TRPC channel blocker); 4-αPDD (a TRPV4 agonist); menthol (a TRPM8 agonist); niflumic acid (a chloride channel antagonist); iberiotoxin (a large conductance Ca 2+ -activated K + channel (BK Ca ) blocker); apamin (a small conductance Ca 2+ -activated K + channel (SK Ca ) blocker). The stock solutions of OA-NO 2, OA and capsaicin were prepared in 100% ethanol; the stock solution of iberotoxin was prepared in water, other chemical stock solutions were prepared in DMSO. Stock solutions were diluted to 0.1% or 0.01% in bath solutions on the day of the experiment. OA-NO 2 was synthesized as described previously (Baker et al. 2004) . All other agents were obtained from Sigma-Aldrich, Inc., St. Louis, MO, USA.
Data analysis
In Ca 2+ imaging studies, data were analysed using program C-Imaging (Compix). Background was subtracted to minimize camera dark noise and tissue autofluorescence. An area of interest was drawn around each cell, and the average value of all pixels included in this area was taken as one measurement. The ratio of fluorescence signal measured at 340 nm divided by the fluorescence signal measured at 380 nm was used to measure the increase in intracellular Ca 2+ . The OA-NO 2 concentration-response curve was fitted with the Hill equation of the form: % response = [MAX response /(drug concentration + EC 50 )] n where MAX response = maximal % response; drug concentration = concentration of OA-NO 2 ; EC 50 = half-maximal concentration; n = Hill coefficient. All data are expressed as means ± SEM. Paired or unpaired t test was used to assess statistical significance. Chi squared tests were used when percentages of responsive neurons were compared, P < 0.05 was considered statistically significant.
Results
OA-NO 2 induces Ca 2+ transients in guinea-pig DRG neurons
The OA-NO 2 -induced Ca 2+ transients only occurred in small to medium sized guinea-pig DRG neurons (ࣘ35 μm) as reported previously in rat and mouse DRG neurons (Taylor-Clark et al. 2009; Sculptoreanu et al. 2010) . The percentage of responsive small to medium neurons and the amplitude of the OA-NO 2 -induced Ca 2+ transients increased in a concentration-dependent manner (from 1 to 30 μM; Fig. 1A and B) . The Ca 2+ responses induced by a large concentration of OA-NO 2 (30 μM) were not repeatable even 30 min after the first application. In some neurons OA-NO 2 at 10 μM also produced desensitization, but in others it did not, as shown in Fig. 1A . In most of the experiments 30 μM OA-NO 2 (applied for 30 s) was used as a test concentration to elicit a detectable signal (2 SD above the baseline) in the maximal number of cells. Higher concentrations of OA-NO 2 (60 μM) induced Ca 2+ transients comparable in amplitude to those elicited by 30 μM and in similar percentage of cells. The OA-NO 2 responses were observed in 60-80% of neurons (n = 8 guinea-pigs; Fig. 1C and D) and were completely blocked in the presence of a reducing agent DTT (50 mM), which suggests an electrophilic action of OA-NO 2 . Compared with OA-NO 2 -induced Ca 2+ transients in rat or mouse DRG neurons, Ca 2+ transients in guinea-pig DRG neurons exhibited larger variations in the latency of responses in different cells (Fig. 1C) . The largest latency difference between the fast and slow responses was 2 min for guinea-pig DRG neurons; and 20 s for mouse and rat DRG neurons. Oleic acid (30 μM for 30 s) evoked Ca 2+ transients in very few DRG neurons (8.6%, 6/69 cells), indicating that the OA-NO 2 effect was mediated primarily by the electrophilic nitroalkene substituent and not by the native fatty acid or potential metabolites. The NO donor SNAP (100 μM applied for 1 min) did not induce a detectable response in 60 neurons, and pretreatment with the NO scavenger cPTIO (100 μM applied for 3 min) did not prevent the OA-NO 2 -induced Ca 2+ transients, thus eliminating a possible contribution of NO. OA-NO 2 did not evoke Ca 2+ transients when neurons were exposed to a bath solution containing zero Ca 2+ for 5 s before To examine the contribution of TRPA1 or TRPV1 channels to OA-NO 2 -induced Ca 2+ transients in guinea-pig DRG neurons, we compared the Ca 2+ transients elicited by the sequential application of the TRPV1 agonist capsaicin (500 nM applied for 10 s) or the TRPA1 agonist AITC (100 μM applied for 30 s) and then OA-NO 2 in the same coverslips (n = 6; Fig. 2A ). To prevent the desensitization of AITC by capsaicin in most of the coverslips, AITC was applied before capsaicin. In contrast to the high percentage (71%) of OA-NO 2 responsive neurons, only 21.7% responded to capsaicin ( Fig. 2A and B) and only 5% responded to AITC. Neurons responding to capsaicin or AITC account for only 16% and 10% of OA-NO 2 -sensitive neurons, respectively (Fig. 3E) .
To further evaluate the contribution of TRPA1 and TRPV1 channels to the OA-NO 2 responses a TRPV1 antagonist (diarylpiperazine analogue, 5 μM; Srinivasan et al. 2008; Sculptoreanu et al. 2010) was administered in combination with a TRPA1 antagonist (HC-030031, 10 μM) 3 min before OA-NO 2 . This treatment did not change the amplitude of the Ca 2+ transients or the percentage of neurons (P > 0.05, Fig. 2C and D) responding to OA-NO 2 indicating that activation of TRPV1 or TRPA1 was not the major mechanism underlying the OA-NO 2 responses.
Activation of TRPC channels may contribute to OA-NO 2 -induced Ca 2+ transients
To determine if activation of TRPC channels contributes to the OA-NO 2 response, cells were pretreated with La 3+ (50 μM) an agent known to block various subtypes of TRPC channels (Clapham et al. 2005) . La 3+ completely and reversibly blocked the response to OA-NO 2 (Fig. 2E) , but did not block the response to capsaicin (Fig. 2F) . However, in neurons that were responsive to OA-NO 2 (Fig. 3B ) La 3+ reversibly and completely blocked the response to OAG (50 μM), a TRPC3,6,7 agonist. When OAG was applied to the same coverslip prior to application of OA-NO 2 (Fig. 3A) , OAG evoked Ca 2+ transients in 25% of the neurons (28/111 from n = 3 animals). The amplitude of OAG-induced transient was smaller than the OA-NO 2 -induced response (Fig. 3A) , but all of the OAG responsive neurons were responsive to OA-NO 2 (Fig. 3A) ; 36% of OA-NO2 responsive neurons were also responsive to OAG. SKF-96365, applied in a concentration (25 μM) reported to block a range of TRPC channels (Kress et al. 2008 ) also suppressed the OA-NO 2 response by 46% (Fig. 3C , P < 0.05) and reduced the percentage (15% decrease) of OA-NO 2 responsive neurons (Fig. 3D ).
TRPV4 and TRPM8, which are Ca 2+ permeable channels, expressed in rat and mouse DRG neurons (Dhaka et al. 2008; Alessandri-Haber et al. 2009) , are also potential targets for OA-NO 2 . Thus we examined the responses of a TRPV4 agonist (4-αPDD, 2 μM) and a TRPM8 agonist (menthol, 100 μM) applied prior to application of OA-NO 2 . Only 9.5% (78/820, n = 8 guinea-pigs) of the neurons were responsive to menthol and only 5.7% (15/261 n = 2 guinea-pigs) of the neurons were responsive to 4-αPDD (Fig. 3E) . Only a small percentage (9-16%) of OA-NO 2 responsive neurons exhibited responses to the individual TRP channel agonists (4-αPDD, menthol, capsaicin and AITC; Fig. 3E ).
OA-NO 2 induces a transient inward current followed by a long-lasting outward current OA-NO 2 evoked currents were recorded using the whole cell voltage clamp technique. At a holding potential of −60 mV, application of 30 μM OA-NO 2 for 5-15 s induced after a delay of 2-4 s a transient inward current (477 ± 38 pA) in 25 of 35 cells which lasted for 20-40 s and was followed by a long-lasting (2-4 min) outward current (609 ± 54 pA; Fig. 4 , last trace). In the other 10 cells OA-NO 2 induced only an inward current that was usually less than 100 pA in amplitude. In a series of cells (n = 10), a range of concentrations of OA-NO 2 (from 100 nM to 30 μM) was tested by applying one concentration to a cell. A prolonged application (40 s to 1 min) of the lowest concentration (100 nM) evoked a small inward current followed by an outward current. The time from onset to the peak of the inward current was longer for lower concentrations than for higher concentrations of OA-NO 2 (Fig. 4) , and the amplitude of the outward current was not dependent on the concentration of OA-NO 2.
Properties of the OA-NO 2 -induced currents. To examine the properties of OA-NO 2 -activated channels, we altered the ionic composition of the extracellular bath solution. When extracellular Na + was replaced by NMDG, a large organic cation that cannot pass through cationic channels, OA-NO 2 induced a smaller inward current (100 ± 30 pA) and no outward current in 8 of 10 neurons (Fig. 5Aa) , or a smaller inward current (200 pA) followed by an outward current (2 of 10 neurons; Fig. 5Ab ). Removal of extracellular Ca 2+ significantly reduced (P < 0.05, compared with normal Ca 2+ bath) the inward current (200 ± 30 pA, n = 6) and completely abolished the outward current (Fig. 5B) .
To determine the reversal potential of the OA-NO 2 current, a voltage ramp from −100 mV to −10 mV with a slope of 120 mV s −1 (Fig. 6C ) was applied every 3 s before and during the evoked current ( Fig. 6A and  B) . The changes in the OA-NO 2 -induced inward and outward currents (thick black lines c in Fig. 6A and B, respectively) were obtained by subtracting the membrane current recorded in the absence OA-NO 2 (thin black lines a in Fig. 6A and B) from that recorded in the presence of OA-NO 2 (grey line b in Fig. 6A and B) . The reversal potential for the inward current was −22 ± 2 mV (n = 12); while the reversal potential for the outward current was −60 ± 3 mV (n = 12). Based on the concentrations of Cl − , K + , Na + and Ca 2+ in intracellular and extracellular solutions used in our experiment, the reversal potentials for these ions are −34 mV for Cl − , −86 mV for K + , +86 mV for Na + and +80 mV for Ca 2+ .
Role of Cl − channels in OA-NO 2 -induced inward current.
Because the reversal potential of inward current was −22 mV; and the calculated reversal potential for the voltage-gated Cl − channel was −34 mV, we determined if activation of Cl − channels might contribute to the inward current by administering niflumic acid (100 μM) a Cl − channel blocker (Vaughn & Gold, 2010) 3 min before and during the application of OA-NO 2 . Niflumic acid did not significantly (P > 0.05) alter the amplitude of the inward current (347 ± 25 pA, n = 10, after niflumic acid vs. 364 ± 32 pA, n = 25, in control; Fig. 5D ), indicating that the inward current was not mediated by activation of Cl − channels. This conclusion is supported by another experiment in which the reversal potential of OA-NO 2 -induced inward current was not significantly changed (−30 ± 4.4 mV, n = 5, vs. −27 ± 1.4 mV, n = 5; P > 0.05) after reducing the extracellular Cl − concentration from 140 mM to 30 mM to produce an equimolar concentration of Cl − inside and outside the cell.
Activation of Ca
2+ -activated K + channels contributes to OA-NO 2 -induced outward current. Based on the reversal potential and the Ca 2+ dependence of the outward current we examined the role of Ca 2+ -activated K + channels in the OA-NO 2 -induced outward current. Neurons were pretreated with iberiotoxin (100 nM), a large conductance Ca 2+ -activated K + channel blocker, in combination with apamin (1 μM), a small conductance Ca 2+ -activated K + channel blocker 3 min before and during OA-NO 2 application. In these conditions none of the cells (n = 23 cells) exhibited an outward current after application of OA-NO 2 (Fig. 5C) ; however, 18 cells exhibited an inward current.
Activation of TRPC channels contributes to the OA-NO 2 -induced inward current. Because the Ca 2+ imaging experiments suggested that TRPC channels may contribute to the OA-NO 2 response and previous studies revealed that the reversal potential of TRPC channels is around −20 mV (Reading et al. 2005; Qiu et al. 2011; Qu et al. 2012) , we examined the effects of TRPC blockers on the currents induced by OA-NO 2 . OA-NO 2 failed to induce any current in the presence of 50 μM La 3+ in five cells (Fig. 5E) ; but this effect of La 3+ was rapidly reversible within 10 min of washout. In addition, 5 min after application of the broad spectrum TRPC antagonist BTP2 (1 μM or 10 μM), in sufficient concentrations to block TRPC channels in sensory neurons (He et al. 2005; Qu et al. 2012; Than et al. 2013) , OA-NO 2 failed to elicit currents in 12 neurons at 10 μM BTP2 (Fig. 5F ) and in five neurons at 1 μM BTP2. After a 20 min washout of BTP2, OA-NO 2 elicited inward currents but not outward currents in five of the neurons that were tested.
OA-NO 2 induces a transient excitation followed by a long-lasting inhibition
The effect of OA-NO 2 on membrane potential and neuronal excitability was evaluated during current clamp recording. Resting membrane potential of the neurons was 64 ± 2.5 mV (n = 25). OA-NO 2 (30 μM) applied for 5-15 s evoked a transient (20-40 s) membrane depolarization (average amplitude 12 ± 3 mV) after a 2-4 s delay followed by a long-lasting (2-4 min) hyperpolarization (average amplitude 14 ± 4 mV) in 10 of 15 neurons (Fig. 7A ). These changes corresponded temporally with the OA-NO 2 -induced biphasic current. In 2 of 15 neurons OA-NO 2 induced only a depolarization.
To determine the impact of OA-NO 2 on excitability, action potentials were evoked (n = 12) with a prolonged depolarizing current injection (500 ms) in the control period prior to application of OA-NO 2 and during the depolarization or hyperpolarization evoked by OA-NO 2 (Fig. 7A) . During the period of depolarization the threshold current for action potential generation was reduced (from 80 pA to 60 pA in this cell) and the overshoot of the action potential was decreased (Fig. 7Ab ) compared with control (Fig. 7Aa) . During the hyperpolarization the action potential threshold was elevated, and the cells failed to fire even with a stimulating current 8-10 times threshold (Fig. 7Ac) . During injection of a ramp current (n = 10 cells), OA-NO 2 elicited similar changes in action potential threshold, i.e. a decrease accompanied by more firing during the period of depolarization, and no firing even with a maximum stimulus during the period of hyperpolarization (Fig. 7B) .
TRPC (1-7) mRNA is expressed in dorsal root ganglia
To determine which isoforms of TRPC channels are present in afferent neurons, we performed RT-PCR on RNA extracted from guinea-pig DRGs from the L6-S2 spinal levels. Positive PCR products of the correct sizes were observed for all TRPC channels (TRPC1-7) from the L6-S2 spinal levels (Fig. 8) . Multiple bands amplified by the TRPC4 primer are attributed to multiple splice variants of the receptor, as previously reported (Plant & Schaefer, 2003) . Results were identical for DRGs taken from two animals.
Discussion
In this study we examined the effects of OA-NO 2 on dissociated DRG cells from guinea-pigs and the possible mechanisms underlying these effects. OA-NO 2 elicited: (1) Ca 2+ influx in 60-80% DRG neurons, (2) an inward current followed by an outward current in 80% of DRG neurons, (3) a membrane depolarization followed by a hyperpolarization and (4) excitation followed by a long-lasting inhibition. These effects appear to be mediated by the initial activation of TRPC channels followed by activation of Ca 2+ -activated K + channels. The results provide further evidence that OA-NO 2 activates ion channels in DRG cells in addition to those (TRPA1 and TRPV1) already identified in mouse and rat sensory neurons.
In guinea-pig DRG neurons the potency of OA-NO 2 was influenced by experimental conditions, as noted in a study of rat DRG neurons (Sculptoreanu et al. 2010) . Patch clamp measurements were more sensitive (100 nM threshold) than Ca 2+ imaging (3 μM threshold) for detecting OA-NO 2 responses (Fig. 1 vs. Fig. 4 ). This difference may be attributable in part to the different drug application systems used in the two experiments (a gravity-driven slow exchange perfusion system used in Ca 2+ imaging vs. a piezo-driven perfusion system with an exchange rate less than 100 ms in the patch clamp experiments), as well as differences in the sensitivity of the recording techniques. The high nanomolar threshold concentrations of OA-NO 2 revealed in the patch clamp experiments (Sculptoreanu et al. 2010 and Fig. 4 in this paper) are physiologically relevant because maximal concentrations of nitro-fatty acids in tissues during pathological conditions including inflammation can also increase to high nanomolar concentrations (Ferreira et al. 2009; Nadtochiy et al. 2009; Rudolph et al. 2010) .
It should also be noted that it is difficult to make comparisons between the concentrations of reactive nitroalkene autocoids produced locally near the site of action in a cell in vivo and the concentration sufficient to activate a channel in an in vitro patch clamp experiment following application in the external solution. When administered to in vitro model systems, a substantial amount of the exogenously added electrophilic species can be inactivated in the medium, undergo esterification into complex lipids, become incorporated into membranes and undergo mitochondrial β-oxidation (Delmastro-Greenwood et al. 2014) . For these reasons, in vitro experiments may sometimes require 10 2 -10 3 greater concentrations of nitro-fatty acids to recapitulate signalling events observed in vivo.
The present experiments revealed similarities and differences in the effects of the electrophiles OA-NO 2, AITC and capsaicin on guinea-pig, rat (Sculptoreanu et al. 2010) N) on excitability in guinea-pig DRG neurons A, action potentials (APs, top panels) were evoked with a prolonged depolarizing current injection (500 ms) in the control period prior to application of O-N (a) and during the depolarization (b) or hyperpolarization (c) evoked by O-N (bottom panel) in one neuron with a -61 mV resting membrane potential. During the period of depolarization (b), the threshold current for AP generation was reduced (from 80 to 60 pA) and the overshoot of AP was decreased; during the hyperpolarization (c), the cell failed to fire even with a stimulating current 4 times control threshold (320 pA). B, a 500 ms duration ramp current ranging from 0 pA to the threshold for AP generation (500 pA) was injected into a neuron with a −62 mV resting membrane potential to evoke an AP prior to O-N application (thin black trace) and then during the initial depolarization (grey trace) and subsequent hyperpolarization (thick black trace) evoked by O-N. A decrease of current threshold (from 500 to 300 pA) accompanied by more firing occurred during the period of depolarization (grey trace), and no firing occurred even with a maximum stimulus (1500 pA) during hyperpolarization period (thick black trace). J Physiol 592.19 primarily in small to medium sized (20-35 μm) neurons; (2) responses consisting of an inward current; a membrane depolarization and an increase in intracellular Ca 2+ . Differences include: (1) the very high percentage of OA-NO 2 responsive neurons (60-80%) in guinea-pig vs. the much lower percentage in rat and mouse (25-30%; Fig. 1D ), (2) the lower percentage of neurons in guinea-pig responsive to TRPV1 and TRPA1 agonists (Fig. 2B), (3) the resistance of OA-NO 2 responses to concentrations of TRPA1 and TRPV1 antagonists that suppressed the effects of OA-NO 2 in rat and mouse sensory neurons, (4) OA-NO 2 evoked outward as well as an inward currents in guinea-pig neurons (Fig. 4) , but only an inward current in rat or mouse sensory neurons, (5) OA-NO 2 evoked a prolonged hyperpolarization and suppression of firing in guinea-pig neurons (Fig. 7) , but induced an excitation without inhibition in lung C-fibre afferents in the mouse and induced a depolarization without a hyperpolarization in rat DRG neurons.
In addition to the variation in OA-NO 2 responses in different species the responses to capsaicin and AITC were less prominent in the guinea-pig than in other species (Figs 2B and 3E) . All of the conditions for examining the responses to the TRP channel agonists were the same in the three species including same subpopulations of neurons (small to medium size) from same spinal segments (L3-S1). The percentages of neurons responding to TRPV1 and TRPA1 in mouse and rat in this study are comparable with those in earlier reports (Munns et al. 2007; Sculptoreanu et al. 2008; Caspani et al. 2009 ), indicating that slight differences in methods cannot account for the species differences. It is possible that the lower AITC response rate occurred due to membrane damage during the dissociation procedure, as there are some reports that TRPA1 is easily damaged with mechanical or enzyme treatment (Salas et al. 2009 ). Furthermore, Ca 2+ imaging analysis of guinea-pig DRG cells during the second day in culture detected a higher percentage of AITC responsive cells (25% vs. 10% on day Figure 8 . PCR products for TRPC channels in the guinea-pig DRG Photograph of an ethidium bromide-stained agarose gel (1.8% in 1× TBE buffer) on which the PCR products for TRPC channels in the guinea-pig DRG were analysed. Lanes 1 and 10 contain a 100 bp DNA ladder; sizes of the bands are marked. All bands are of the expected size (see expected sizes in Methods section), except for TRPC4, which has 2 extra bands attributed to alternate splice variants. The housekeeping gene β-actin was used as a positive control.
1, unpublished data) raising the possibility that TRPA1 in guinea-pig DRG neurons are more susceptible to damage than in mouse or rat DRG. On the other hand, the percentage of cells responsive to capsaicin was similar on the first and second day after dissociation (unpublished data-X. Zhang). Unfortunately, there are very few reports in literature describing the expression of TRP channels in guinea-pig lumbosacral DRG neurons that we might use to confirm our findings.
The very low percentage of guinea-pig DRG neurons responsive to TRPV1 (20%) and TRPA1 (10%) agonists in contrast to the higher percentage (60-80%) of neurons responsive to OA-NO 2 provides indirect evidence that OA-NO 2 must target multiple ion channels in sensory neurons. Further support for this conclusion was obtained in pharmacological experiments in which La 3+ completely blocked OA-NO 2 responses but not TRPV1 responses (Fig. 2F ) and a combination of TRPV1 and TRPA1 antagonists did not block the responses to OA-NO 2. Unlike rat and mouse sensory neurons where TRPV1 and TRPA1 are significant ion channel targets for OA-NO 2 (Taylor-Clark et al. 2009; Sculptoreanu et al. 2010) , activation of other Ca 2+ permeable channels must underlie the OA-NO 2 responses in guinea-pig DRG neurons. However, even in guinea-pig DRG neurons the OA-NO 2 -induced intracellular Ca 2+ responses occurred with different latencies (Fig. 1C) in contrast to the more consistent responses to AITC and capsaicin, raising the possibility that OA-NO 2 responses were induced by activation of heterogeneous populations of channels or intracellular signalling mechanisms.
The following evidence suggests that TRPC channels in DRG cells may be a key ion channel target for OA-NO 2 in the guinea-pig as well as other species expressing this channel sub-type: (1) OAG, a TRPC3,6,7 agonist, elicited an increase in a substantial percentage (25%) of guinea-pig DRG cells and all of these neurons exhibited responses to OA-NO 2 (Fig. 3) ; (2) La 3+ (50 μM), an agent known to block various subtypes of TRPC channels (Clapham et al. 2005) , completely blocked the OA-NO 2 -induced currents as well as the OAG and OA-NO 2 -induced increase in intracellular Ca 2+ ; (3) the non-specific TRPC channel antagonist SKF-96365 blocked part of the OA-NO 2 -induced Ca 2+ increase; (4) BTP2, a general TRPC channel antagonist at 1 or 10 μM concentrations, completely blocked OA-NO 2 -induced currents; (5) the reversal potential of the OA-NO 2 -induced inward current (−20 mV) is similar to the reversal potential of TRPC channel currents reported in other studies (Qiu et al. 2011; Qu et al. 2012) ; (6) the slow kinetics of the OA-NO 2 -induced inward current are similar to the kinetics of TRPC activation reported in other studies (Qu et al. 2012) ; and (7) the OA-NO 2 -induced inward current, like TRPC inward currents, is primarily mediated by Ca 2+ and Na + influx (Vazquez et al. 2004) . However, we must acknowledge that the agonist and antagonists used in our study, such as La 3+ and SKF-96365, are not optimal tools in terms of selectivity and that they can target other channels in addition to TRPC channels. Nevertheless, the combined data from the experiments with different agents having different chemistry and probably different off-target effects, but an overlap of actions on TRPC channels, is suggestive that OA-NO 2 targets TRPC channels.
Based on the present data it is not possible to identify the types of TRPC channels that respond to OA-NO 2 because all seven subtypes of TRPC channels (1-7) were identified by RT-PCR in guinea-pig DRGs (Fig. 8) ; although TRPC2 which is not expressed in rodent primary sensory neurons (Kress et al. 2008 ) was expressed at considerably lower levels in the guinea-pig. In addition specific agonists or antagonists for most TRPC channels are not available commercially. However, it is possible to limit the number of potential candidates based on differences in the properties of the various subtypes. For example, TRPC4 and 5 are unlikely targets because these channels are activated or potentiated by La 3+ (Plant & Schaefer, 2003) , while La 3+ completely abolished OA-NO 2 -evoked Ca 2+ increase and currents. Thus, TRPC1 and TRPC3, 6 and 7, which are all suppressed by La 3+ , are possible targets for OA-NO 2 . Furthermore, since more than 36% of OA-NO 2 responsive neurons were co-activated by the TRPC1 agonist OAG, TRPC1 channels may be a major target for OA-NO 2 modulation of ion channel function.
The mechanism by which OA-NO 2 activates TRPC channels is uncertain. It is generally thought that TRPC channels are activated by G protein-coupled receptors via an intracellular signalling pathway involving phospholipase C or that they respond to reductions in intracellular Ca 2+ concentrations and thereby function as storage-operated Ca 2+ channels (Abramowitz & Birnbaumer, 2009 ). On the other hand, OA-NO 2 and related electrophilic fatty acid nitroalkenes mediate signalling actions via reversible Michael addition reactions with nucleophilic residues in proteins such as cysteine and histidine, thus post-translationally modifying protein functions Freeman et al. 2008 ). This action is also thought to underlie the activation of TRPA1 by OA-NO 2 , which could target the cysteine residues in the ankyrin repeats in the N-terminal of the receptor (Taylor-Clark et al. 2009; Sculptoreanu et al. 2010) . The N-terminals and transmembrane segments of TRPC channels are also cysteine rich (Vazquez et al. 2004) ; and TRPC3 and 6, as well as TRPC4 and 5, are redox-regulated channels that can be activated via cysteine oxidation (Poteser et al. 2006; Graham et al. 2010; Cioffi, 2011) . Thus the electrophilic properties of OA-NO 2 may be important in the activation of TRPC as well as in the activation of TRPA1. This assumption is consistent with the effect of the thiol reducing agent DTT, which competes for OA-NO 2 reaction and completely blocks OA-NO 2 responses in guinea-pig DRG neurons as well as the responses to OA-NO 2 and AITC in rodent sensory neurons (Sculptoreanu et al. 2010) . It is also possible that the activation of TRPC channels is mediated by an indirect mechanism involving an OA-NO 2 interaction with other cysteine containing signalling mediators such as redox-sensitive protein kinases and or/phosphatases that can alter the phosphorylation status of TRPCs. This mechanism has been suggested by other investigators (Graham et al. 2010) . TRPCs can also be activated by polyunsaturated fatty acids (Beech et al. 2009 ), which might be produced by the metabolism of OA-NO 2 to non-electrophilic metabolites. However, this possibility is unlikely, in that OA-NO 2 -evoked responses in guinea-pig DRG neurons were not recapitulated by native oleic acid (30 μM for 30 s), which evoked Ca 2+ transients in very few (8.6%, 6/69 cells) DRG neurons.
In guinea-pig DRG neurons the delayed outward current evoked by OA-NO 2 , which was not observed in previous studies in rodent sensory neurons (Taylor-Clark et al. 2009; Sculptoreanu et al. 2010) , was suppressed by a combination of iberiotoxin and apamin. These species block large (BK Ca ) and small (SK Ca ) conductance K + channels, respectively. The outward current was also blocked by eliminating Ca 2+ in the external solution. Thus it is reasonable to conclude that the delayed outward current was mediated by activation of Ca 2+ -activated K + channels by the influx of extracellular Ca 2+ . The failure of OA-NO 2 to elicit an outward current in rodent sensory neurons, where it also elicits an increase in Ca 2+ , may be related to the types of TRP channels activated in different species and the coupling of these channels to the Ca 2+ -activated K + channels. Activation of BK Ca requires micromolar concentrations of the free Ca 2+ , therefore, the functional coupling of Ca 2+ permeable TRP channels to BK Ca channels usually requires very close colocalization in the plasma membrane. It is possible that TRPC channels in guinea-pig DRG neurons are located in close proximity to BK Ca and SK Ca which facilitates the activation of latter channels. Binding of TRPC3 and 6 to BK Ca channels has been reported (Dryer & Reiser, 2010) . TRPA1 or TRPV1 may not have this close connection with Ca 2+ -activated K + channels in rodent sensory neurons and therefore may not trigger outward currents when activated.
In addition to the transient excitatory effect associated with the initial depolarization elicited by OA-NO 2 , a long-lasting suppression of excitability associated with a hyperpolarization mediated by activation of Ca 2+ -activated K + channels was observed in most guinea-pig DRG neurons (10 of 15). The latter effect occurred with low concentrations (high nanomolar) of OA-NO 2 approximating those occurring in vivo at sites of inflammation (Ferreira et al. 2009; Nadtochiy et al. 2009; J Physiol 592.19 Rudolph et al. 2010) . This inhibitory effect of OA-NO 2 in primary sensory neurons could act synergistically with other known putative analgesic and anti-inflammatory actions of OANO 2 including: (1) desensitization of TRPA1 and TRPV1 channels in nociceptive sensory neurons (Sculptoreanu et al. 2010; Zhang et al. 2014) , (2) inhibition of NF-κB signalling, (2) partial agonist activity towards peroxisome proliferator-activated receptor γ (PPARγ) and (3) activation of Keap1-Nrf2-regulated Phase 2 gene expression to suppress painful sensations and inflammation.
In summary, our results reveal that OA-NO 2 initially activates TRPC channels and increases intracellular Ca 2+ concentrations, which in turn opens Ca 2+ -activated K + channels, thereby eliciting a transient excitatory effect followed by a long-lasting inhibitory effect in guinea-pig primary sensory neurons. Further studies are necessary to determine if these effects are also elicited by endogenously generated electrophilic fatty acids at peripheral afferent terminals in vivo, and if these substances modulate nociceptive and non-nociceptive sensory mechanisms.
